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Abstract
Sodium fast reactors are among the leading generation IV nuclear reactor designs being
studied for future development. They will operate at higher temperatures and have higher
neutron fluxes and thus require the use of novel materials. These materials will need to
withstand an extreme environment, including corrosion from liquid sodium. Alloy 709 is a
derivative of NF709, a high strength austenitic stainless steel originally developed for boiler
tube applications. It is being developed by Oak Ridge National Laboratory for sodium fast
reactor applications.
The first heat of Alloy 709 was aged at 550, 650, and 750℃ for 10, 100, 300, 1000, and
3000 hour durations. These temperatures were chosen due to their relevance to advanced
nuclear reactor designs. Alloy 709 was then machined into tensile specimens with gauge
lengths of 5.0 mm and tested using an Instron 1331 load frame. Tensile tests were conducted
with a constant strain rate of 0.001 s-1 and the results were compared. It was found that
overall, the total percent elongation decreases with increasing aging duration and increasing
aging temperature. At 550℃ there was little, if any, change in the tensile test results across
the aging durations. At 650℃ the total elongation only started decreasing after 100 hours
of aging. At 750℃ the total elongation immediately decreased until 300 hours of aging,
after which it remained relatively constant. Ultimate tensile strength (UTS) measurements
were found in the range of 725-670 MPa, total elongation in the range of 31-41%, Young’s
modulus in the range of 142-190 GPa, toughness in the range of 197-280 MPa, and strain
hardening exponent values in the range of 0.17-0.31 across all conditions.
Scanning electron microscopy, transmission electron microscopy, and energy dispersive
spectroscopy were utilized to examine precipitation behavior, how this affected the mechani-
cal properties, and investigate the oxide growth behavior. Grain boundary precipitates were
found to first occur in the 650℃ sample aged for 100 hours and were not in the sample
aged for 10 hours. Grain boundary precipitates were also found in the 10 hour sample aged
at 750℃. Precipitation along grain boundaries was confirmed to continue in the remain-
ing 750℃ samples and is presumed to also continue in the 650℃ samples aged beyond 100
hours. At 750℃ the 300, 1000, and 3000 hour samples all contained matrix precipitation in
addition to the grain boundary precipitates. When compared to the tensile test results, it
was concluded that the grain boundary precipitates had a larger impact on the mechanical
properties.
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Chapter 1
Introduction
The world’s population is projected to hit 9.8 billion people by the year 2050. In addition, a
majority of the world’s population growth is projected to take place in the poorest nations-
in areas without access to electricity [1]. As nations modernize, these areas will have the
most rapidly increasing electricity demands, as well. With these factors considered, it is
estimated that the world’s electricity demand will increase 28% percent by the year 2040,
with “more than half of the increase attributed to non-OECD Asia (including China and
India)” [2]. While this is more conservative than past predictions, it remains a need to be
met.
In order to meet these demands for electricity, a safe, carbon free source of electricity is
needed. Fortunately, this already exists in today’s nuclear light water reactors. However,
with the advent of new technologies and materials, safer and more efficient nuclear power
plants can be designed and built. Advanced nuclear reactors, otherwise known as generation
IV reactors, can be a main component of the solution to the future electricity needs of the
world. This category encompasses a variety of nuclear reactor designs, from molten salt,
to liquid metal, to small modular reactors. One category of these generation IV reactors is
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fast reactors. These are categorized by their use of fast, more energetic neutrons to sustain
the fission process, in contrast with current light water reactors that use thermal, slower
neutrons to sustain fission.
By using fast neutrons, fast reactors are able to generate more energy per fission reaction,
and hence more energy as a whole. Nearly all fast reactor designs have to utilize higher
temperatures, higher neutron flux, and/or more aggressive coolants/moderators to achieve
their success. In order to accomplish this, more advanced materials are necessary that can
withstand the harsh environment. Generation IV reactor designs that are close to making it
to the United States’ Nuclear Regulatory Commission for review and license approval have
cited goals for initial 40 year licenses, with the hope to be able to operate for up to 100 years.
This means that the materials used must be well researched and documented to know their
capabilities and limitations.
Alloy 709 is a type of stainless steel currently in development at Oak Ridge National
Laboratory. It is a promising steel alloy for potential applications in nuclear power plants,
particularly sodium fast reactors. In this type of reactor, Alloy 709 will need to withstand
high neutron fluxes and an aggressive liquid sodium environment. Additionally, Alloy 709
will have to maintain its structural integrity under potentially much higher temperatures
than what is seen in current light water reactors. It is important to understand the behavior
and development of this alloy in order to validate its use in generation IV reactors.
2
Chapter 2
Background
Alloy 709 is a type of stainless steel that is being developed for use in advanced nuclear reac-
tors. Its composition does vary slightly as Oak Ridge National Laboratory works to perfect
its mechanical properties by changing the composition and manufacturing processes. Alloy
709 is currently being developed for comparison with the ASME Code Case for commercial
production of NF709 to develop the Alloy 709 Code Case.
Alloy 709 is a derivative of NF709 whose composition is (Fe-20 Cr-25 Ni-1.5 Mo-Nb, B,
N). NF709 was originally developed for boiler tube applications by Nippon Steel Corporation
in Japan [3]. It has excellent strength properties compared to conventional stainless steels
such as 304SS and 316SS at high temperatures. The general chemical composition of Alloy
709 does not differ from NF709, but Oak Ridge National Laboratory is experimenting with
slight changes to the composition. Alloy 709 is being developed for use in sodium fast reactor
applications and will need to withstand prolonged exposure to elevated temperatures and
liquid sodium. Additionally, the variety of intended applications for Alloy 709 will require
it to be scaled up and processed in a variety of ways including “plates, pipes, bars, forgings
and sheets... [and] seamless tubing” [4]. The intended applications of Alloy 709 include the
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“reactor vessel, core supports, primary and secondary piping, and possibly intermediate heat
exchanger and compact heat exchanger” [4].
Previous studies have been conducted on related austenitic stainless steels, including
NF709. It has been well-documented that carbides precipitate at grain boundaries and within
grains after aging or exposure to radiation [3, 5, 6, 7]. These carbides have been found to
decrease the toughness and ductility of the materials [3]. One source stated that another
precipitate, called G-phase, has little effect on the ductility in creep tests at temperatures
greater than 750℃. However, this source also conceded that this may not hold true at lower
temperatures [8]. Another two sources sought to enhance precipitate hardening behavior and
looked at the effects of tungsten or aluminum addition on the internal carbide precipitation
[6, 7]. In NF709 in particular, it was found that toughness values not only decreased,
but stabilized after aging more than 1000 hours. It was suggested that the coarsening of
precipitates slows after this point and is the reason for the stabilization [3].
Overall, previous studies have found NF709 to have very good performance at high
temperatures. In [3, 9] it was concluded that NF709 has very good creep resistance and
high creep rupture strength as compared to related stainless steels. Studies have also found
NF709 to have better high temperature corrosion resistance in molten salts [3]. This is due
to the protective chromium oxide layer that forms on the surface and has been studied and
improved in [10, 11, 12]. In addition to precipitate hardening, radiation induced hardening
was also studied in NF709 [3, 5]. Radiation induced effects found in NF709 include Frank
loops, voids, radiation induced precipitates, and radiation induced segregation [5]. These
radiation effects are not researched in this report, but are relevant to the overall behavior
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Table 2.1: Reported composition in wt% of the heat of Alloy 709 tested in this discussion
[13].
C Mn Si P S Cr Ni Mo N Ti Cb B
0.063 0.88 0.28 <0.005 <0.001 19.69 25.00 1.46 0.14 <0.01 0.23 0.0022
and performance of Alloy 709. NF709, and hence Alloy 709, has been found to have potential
for the required high temperature performance needed in fast reactors, and while it is not
yet commercially available, it has the potential to be a cost effective material [9].
The present batch of Alloy 709 tested for the purposes of this research is known as the
first commercial-sized heat of Alloy 709 (Carpenter Technology Heat #011502, Lot #H4).
It was a “scaled-up” heat, fabricated using commercial practices [4]. It was hot processed,
i.e. forged and rolled, and annealed at 1100℃ followed by water quenching [13]. The final
(“Post ESR”) composition was reported as follows in Table 2.1.
Testing was conducted at Argonne National Laboratory to gather information on the
mechanical properties and microstructure of a second heat of the material (G.O. Carlson
Heat #58776). Results concluded that this other heat of Alloy 709 exceeds the specifications
in the ASME Code Case for commercial production of NF709 [4]. Similar expectations are
held for the heat of Alloy 709 researched in this thesis.
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Chapter 3
Experimental Methods
Three main processes were used in preparing and testing Alloy 709. First, Alloy 709 was
aged in air at varying temperatures for different lengths of time. Next, the aged samples were
machined into dogbone specimens and cross sections were cut. The dogbone samples were
used in tensile tests and the cross sections were examined using microscopy. The specifics of
the methods used are detailed below.
3.1 Aging of Alloy 709
3.1.1 Conditions
Alloy 709 was heat treated in air at three different temperatures for varying amounts of
time. The three temperatures were 550, 650, and 750℃. These temperatures were chosen
due to their relevance to advanced nuclear reactor designs, which may operate at higher
temperatures than current commercial plants. The lengths of time under which aging oc-
curred include 10, 100, 300, 1000, and 3000 hours. Ten hours was omitted at 550℃ because
it was presumed to be too short for significant microstructural changes to occur, as seen in
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Figure 3.1: Time, Temperature, Precipitation (TTP) diagram for 20% Cr/ 25% Ni-Nb sta-
bilized stainless steel [14].
previous work done in [14] on 20% Cr/ 25% Ni-Nb stabilized stainless steel shown in Figure
3.1. This TTP diagram was created by aging the stabilized stainless steel and plotting curves
to correspond with the time and temperature at which the phases were first observed. The
times studied in this thesis are equivalent to half a day up to a little more than four months.
Other samples have been left to age for 10,000 hours, or over one year. The results of these
10,000 hour samples are not included in this discussion because their aging was not complete
at the time of this study. Table 3.1 shows the various aging conditions.
Two different furnaces in the High Temperature Nuclear Materials Laboratory at the
University of Illinois at Urbana-Champaign were used to provide the high temperatures
necessary to treat the Alloy 709 samples. The 650℃ samples were treated in a KSL1100X
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Table 3.1: Aging conditions for Alloy 709. Note that () indicates that the sample is not
included in this report.
Temp. (℃) 10 h 100 h 300 h 10000 h 3000 h 10000 h
550 X X X X (X)
650 X X X X X (X)
750 X X X X X
provided by MTI Corporation. The 550℃ and 750℃ samples were treated in a Vulcan 3-550.
Furnaces were allowed to cool completely back to room temperature before beginning heat
treatment at a new temperature.
3.1.2 Process
The bulk Alloy 709 material was cut into samples with dimensions 40 x 6 x 6 mm for aging
at the respective conditions. All samples were placed in the furnaces at room temperature.
Then, the furnaces were programmed to ramp up to the desired final temperatures at a rate
of 20℃ per minute, a limit due to the furnace capabilities. The start time for the aging
process was initiated only after the temperature of the furnace stabilized (approximately
30-40 minutes after initiating the temperature ramp). Temperature was monitored using
thermocouples inserted into the furnaces and found to be very stable, fluctuating within a
range of three degrees Celsius.
Samples were removed by opening the furnace doors and using tongs to place a sample on
a ceramic block to cool in air (air-quench). The furnace doors were immediately shut so that
the remainder of the samples could continue the heat treatment. It was observed that there
was minimal fluctuation in the internal furnace temperature, and temperature stabilized
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again in two to three minutes. The periodic removal of samples and thus opening of the
furnace door is presumed to have minimal effect on the consistency of the heat treatments.
3.2 Tensile Testing of Alloy 709
3.2.1 Setup
After air quenching of the respective Alloy 709 samples was complete, they were taken to the
MechSE Machine Shop located in the Mechanical Engineering Laboratory on the University
of Illinois’ campus. Here the staff used electrical discharge machining (EDM) to cut the
desired dogbone specimens. The dogbone specimens measured 16 mm by 4.0 mm with a
gauge length of 5.0 mm and a thickness of 0.5 or 0.75 mm, as pictured in Figure 3.2. Care
was taken to ensure the specimens were cut such that tensile stress would be applied in the
rolling direction for uniform results. Choice in thickness was made during testing of the
as-received Alloy 709 which is discussed in Chapter 4.
An Instron 1331 load frame with an Instron 8500 control panel located in the Amtel
Laboratory in Talbot Laboratory at the University of Illinois at Urbana-Champaign was
used for completing tensile testing. The load frame was outfitted with specialized grips to
hold the Alloy 709 dogbone specimens. A center hole allowed for one peg to be inserted in
each end of the dogbone, while two other holes in the grip pieces allowed two other pegs to
more tightly secure the sample on each end. The center of the grip pieces had space for two
wedges to fit inside with flat, scored faces to better hold the dogbones. This also allowed
for some flexibility in machine utilization as different wedges could be inserted for holding
9
Figure 3.2: Drawing of the dogbone specimen size used in tensile testing.
different samples, for example curved dogbones.
Tensile tests were run using an in-house Labview program to run a single ramp test on
the dogbones. Every test was conducted using a ramp slope of 0.005 mm/s for a strain rate
of 0.001 s-1 in the 5.0 mm gauge length samples, and strain was calculated using the cross-
sectional area as measured by calipers. All tensile tests were conducted at room temperature
and atmospheric pressure.
3.2.2 Measurements
Many mechanical properties were derived from the stress-strain curves obtained during ten-
sile testing, including ultimate tensile strength (UTS), total percent elongation, Young’s
modulus, toughness, and the strain hardening exponent and coefficient. The UTS was found
by simply taking the maximum value of stress measured for each sample. Total percent elon-
gation was found in a similar way, taken as the maximum strain value calculated. Young’s
modulus was determined by fitting the initial linear slope of the elastic region of the stress-
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Figure 3.3: Drawings for the grips used in the tensile tests. Note the small cavity in which
the wedges and dogbone specimens fit. The outermost pair of holes were not utilized.
strain curves using the strain gauge data. Finally, toughness was found by integrating the
stress-strain curves.
The strain hardening exponent and coefficient were determined through the following
analysis of the plastic region of the stress-strain curves. The plastic region of a true stress-
true strain curve up to the ultimate strength can be modeled by several relationships. Here,
Hollomon’s equation was utilized [15]:
σt = K
n
t (3.1)
where σt is the true stress, t is the true strain, K is the strain hardening coefficient, and n
is the strain hardening exponent. True stress and true strain were found using the following
relationships:
σt = σ(1 + ) (3.2)
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Figure 3.4: Comparison of the engineering stress-strain curve and the true stress-strain curve
for a sample aged 100 hours at 650℃.
t = ln(1 + ) (3.3)
where σ and  are the engineering stress and engineering strain, respectively. True stress
and true strain account for the reduction of the cross sectional area in a tensile test as
demonstrated in Figure 3.4.
Plotting the resulting true stress-strain curves on a log-log scale, a linear fit can be placed
on a section of the data to determine the strain hardening exponent and strain hardening
coefficient as demonstrated in Figure 3.5. In this form, the strain hardening exponent is the
slope, and the strain hardening coefficient is the true stress value when  = 1.
Overall, a log-log plot of true stress versus true strain exhibits three stages of behavior as
labeled in Figure 3.5 [16]. The elastic stage is the elastic region of the curve and is ignored
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Figure 3.5: Log-log plot of the true stress versus true strain for a sample aged 100 hours at
650℃.
in the strain hardening calculations. Stage I is the initial strain hardening region of the
curve with lower values of the strain hardening exponent. In this region, deformation is still
relatively easy, because there are few dislocations to interact and hardening occurs. Stage
II is characterized by a high rate of dislocation-dislocation interaction and strain hardening
is intensified. In this region the values of n are higher.
3.3 Microscopy Preparation of Alloy 709
3.3.1 SEM
Scanning electron microscopes (SEMs) were used as a part of the analysis of the aging
characteristics of Alloy 709. Cross section specimens of about 1-2 mm thickness were cut
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from the 40 x 6 x 6 mm aged samples both using the EDM in the MechSE Machine Shop
mentioned previously and using a grinder. No noticeable difference was observed in the SEM
images from these two techniques.
For SEM analysis, the cross sections were polished as follows :
1. Use of 240 grit sandpaper with water lubricant
2. Use of 400 grit sandpaper with water lubricant
3. Use of 600 or 800 grit sandpaper with water lubricant
4. Use of 1200 grit sandpaper with water lubricant
5. Use of 9 µm diamond suspension with Meta-Di fluid lubricant and TridentTM cloth
6. Use of 3 µm diamond suspension with Meta-Di fluid lubricant TridentTM cloth
7. Use of 1 µm diamond suspension with Meta-Di fluid lubricant TridentTM cloth
8. Use of 0.3 µm alumina suspension with water lubricant and ChemometTM cloth
9. A final ion milling for approximately 1 hour
These steps were found to be sufficient to allow observation of precipitates that had
formed during the aging process. SEMs used were a JEOL6060LV, JEOL7000F, HELIOS
600i FIB, and Scios 2 FIB in secondary electron mode all located in the Frederick Seitz
Materials Research Laboratory at the University of Illinois at Urbana-Champaign. A short
working distance of 2-3 mm was necessary to observe the grain microstructure of the polished
Alloy 709.
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3.3.2 TEM and EDS
A transmission electron microscopy (TEM) specimen was made from the sample aged 3000
hours at 750℃ using a Helios 600i focused ion beam (FIB) located in the Frederick Seitz
Materials Research Laboratory at the University of Illinois at Urbana-Champaign. The FIB
was used to make trenches in the sample and then the traditional FIB “lift-out” method
was used to remove the cross-section sample. The ion beam was then used to remove debris
from both sides of the sample. More specific details of the process are easily found on the
internet and are not detailed here.
A Hitachi 9500 TEM and a JEOL2200F TEM were used to examine the fabricated
specimen. The Hitachi was used first to look at the relative grain sizes and growth of
the oxide layer on the surface of the aged sample. The energy dispersive spectroscopy
(EDS) capabilities of the JEOL2200F were then used to study the composition of the layers.
These TEMs were also located in the Frederick Seitz Materials Research Laboratory at the
University of Illinois at Urbana-Champaign.
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Chapter 4
Tensile Testing of Alloy 709
The tensile testing process for Alloy 709 involved calibration of the strain conditioner system,
initial tests of the as-received Alloy 709 to determine the thickness of the dogbone specimens
to use during testing, and the final tensile tests of the aged Alloy 709. These processes and
results are detailed in the following pages.
4.1 Calibration
The tensile testing process involved the use of attached strain gauges to measure the strain
more accurately during the initial portion of the tests. The purpose was to obtain better
measurements of Young’s modulus. In previous testing, it was found that Young’s modulus
was underestimated by only using the crosshead displacement to calculate the strain [17].
4.1.1 Strain Gauges
Strain gauges were ordered through Kyowa Electronic Instruments Co. and the recommended
adhesive for the respective strain gauges on stainless steel was used. The precise strain gauge
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bonding procedure can be found in Appendix A. The strain gauge grids were 2.0 x 0.84 mm,
enough to cover a large area of the gauge lengths.
4.1.2 Strain Conditioner
In order to translate the voltage output of the strain gauge into actual strain units, a Model
2100 strain gauge conditioner from Measurements Group, Inc was used. This both measured
the voltage across the strain gauge and amplified the output signal into a readable measure-
ment. Amplifier voltage and gain could be adjusted to provide the maximum sensitivity and
range of measurement. After these parameters were adjusted, a calibration factor could be
used to adjust the voltage output into accurate strain units. A detailed description of the
strain conditioner calibration process can be found in Appendix B.
4.2 Tensile Testing of As-Received Alloy 709
Initial tensile tests were conducted at room temperature with as-received (unaged) Alloy
709. That is, no modifications or treatments were made to the material before testing, other
than cutting the dogbone specimens via EDM. The initial tests were used to demonstrate
the effectiveness of the strain gauges in more accurately measuring the strain, as well as in
choosing the dogbone thickness for the testing of aged Alloy 709.
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4.2.1 Strain Gauge Effectiveness
First, tensile tests had to be conducted with the addition of strain gauges to test whether the
strain gauges provided a more reliable strain measurement for calculating Young’s modulus.
The results are as shown in Figure 4.1.
As can be seen in Figure 4.1, the strain gauge greatly increased the measurement of
Young’s modulus, as demonstrated by the slope fitting for the initial portions of the graphs.
With the strain gauge, Young’s modulus was shown to be 197.3 GPa. Without the strain
gauge, Young’s modulus was only 63.8 GPa. Since Young’s modulus is known to be around
180-200 GPa for steels, confidence was given to the measurement using the strain gauges
[18]. Additionally, the strain gauge measurements clearly gave a better linear curve than the
crosshead displacement which shows a lot of variation.
It should be noted that a limitation of the strain gauges is that they cannot measure
strain beyond more than about two percent. Therefore, the strain gauges were not used
to obtain the entire stress-strain curve; they were simply used to obtain a more accurate
Young’s modulus.
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(a) without strain gauge
(b) with strain gauge
Figure 4.1: Comparison of Young’s modulus measurement at room temperature from
crosshead displacement (a) and from strain gauge measurement (b).
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4.2.2 As-Received Thickness Tests
Next, variations in thickness of dogbone specimens were tested to determine which would
produce the best data. Two thicknesses were tested- 0.50 mm and 0.75 mm. However, when
cut, the 0.75 mm thick samples came out to be closer to 0.80 mm. It was predicted that the
thicker samples would produce more consistent results, because the effects of small variations
in microstructure would be lessened. Two specimens were tested for each thickness, and the
results were as follows in Figure 4.2.
While two samples certainly do not provide enough data for any statistical analysis, it
did show that the 0.50 mm thickness had widely different results in tensile testing. The 0.80
mm samples, however, agreed very well with each other. Therefore, the thicker dogbones at
0.75 mm thick were chosen to conduct the remaining tests.
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Figure 4.2: Results of the room temperature tensile testing of as-received Alloy 709 with two
different thicknesses.
4.3 Tensile Testing of Aged Alloy 709
As determined in the as-received Alloy 709 testing, the remaining tensile tests were conducted
with 0.75 mm thick dogbones. Multiple dogbones were cut using EDM from each sample,
with three dogbones to be tested at each of the aging conditions shown again in Table 4.1
below.
Again, the 10,000 hour samples were not tested in this study and a 10 hour sample at
Table 4.1: Reproduced aging conditions for Alloy 709. Note that () indicates that the sample
is not included in this report.
Temp. (℃) 10 h 100 h 300 h 10000 h 3000 h 10000 h
550 X X X X (X)
650 X X X X X (X)
750 X X X X X
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550℃ was not made, since it was decided that not much change would have occurred in the
microstructure according to [14].
Tensile tests were conducted on a 1331 Instron load frame at room temperature at a
strain rate of 0.001 s-1. Comparisons were made with respect to stress-strain curves and the
various parameters that could be derived from the curves, including ultimate tensile strength
(UTS), percent total elongation, Young’s modulus, toughness, and strain hardening values
which were found according to ASTM Standard E8.
4.3.1 Manufacturing Error
While the dogbone specimens aged 100 hours at 650℃ were being cut in the MechSE Machine
Shop, one was lost in the collection area of the machine. It was recovered when the following
condition aged 10 hours at 650℃ was cut. Therefore, four dogbone specimens were tested
for the 10 hour condition in the event that the 100 hour sample had made its way into the
group.
According to the data, it did appear that one of the stress-strain curves was an outlier. It
was expected and verified by data that as aging time increases, the total percent elongation
will decrease. Graphed below are the four- 10 hour and three- 100 hour specimens that were
aged at 650℃. It can be seen in Figure 4.3 that the 10 hour, sample #1 (10 h-1) appears
to have a significantly lower percent total elongation than the rest of the samples, especially
the other samples aged for 10 hours. Therefore, it was determined that the 10 hour sample
#1 may have been the lost 100 hour sample and it was not included in the results.
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Figure 4.3: Graph of room temperature tensile tests of all 10 hour and 100 hour aged samples
at 650℃.
4.3.2 Stress-Strain Curves
Engineering stress-strain curves were plotted together both over time at each temperature
and over temperature at each time. To create the combination plots, the sample with the
middle value of total percent elongation was chosen of the three specimens for each aging
condition to plot. The engineering stresses were then plotted versus a standard engineering
strain that was determined from the time elapsed during testing and the known strain rate.
As expected, the overall trend was decreasing elongation with increasing aging temperature
and with increasing aging duration.
As can be seen in Figure 4.4 in the plot of all aging times for 550℃, little if any change was
observed in the engineering stress-strain curves. This was expected from the PPT diagram
referenced earlier. There is some broadening of the curve in the 100 hour test, but this is
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Figure 4.4: Stress-strain curves from room temperature tensile testing of samples aged at
550℃.
simply due to what was probably some slipping that occurred during the tensile test.
In the 650℃ specimens, there is definite differentiation in the engineering stress-strain
curves in Figure 4.5 for the different aging durations. There is a slight difference between
the 10 and 100 hour specimens in total percent elongation, but more tests would need to
be done in order to confirm this slight difference. The 300, 1000, and 3000 hour samples,
however, show clear and definite changes in the engineering stress-strain curves. With each
change in aging duration, the total percent elongation decreases. This is as expected from
the PPT diagram; significant precipitate growth occurs after 100 hours and is expected to
embrittle Alloy 709. This result is also corroborated with the microstructure analysis in the
following chapter.
Finally, in Figure 4.6 at the 750℃ temperature, significant changes can be seen at the 10
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Figure 4.5: Stress-strain curves from room temperature tensile testing of samples aged at
650℃.
hour aging duration in total percent elongation. This change then seems to plateau altogether
beginning at 300 hours. This implies that the precipitation behavior may no longer affect
the ductility of Alloy 709 after a duration of 300 hours exposed to 750℃ temperatures. More
specimens would need to be tested to determine whether the seemingly higher yield strength
of the curves for 1000 and 3000 hours is supported by the data.
As far as the trends in aging temperatures are concerned, they are also as expected from
the PPT diagram. As seen in Figure 4.7, at 10 hours the engineering stress-strain curves for
the 650℃ and 750℃ temperatures are fairly similar. Again, more specimens would need to
be tested to see if there is any statistically significant change. At 100 hours there is a definite
decrease in total percent elongation of the 750℃ specimen. The 550℃ and 650℃ specimens
may differ slightly, but more data would need to be taken to confirm this. 300 hours is the
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Figure 4.6: Stress-strain curves from room temperature tensile testing of samples aged at
750℃.
point where all three temperatures differ in total percent elongation. As expected, the 750℃
specimen is the least ductile while the 550℃ specimen is the most ductile.
At 1000 hours and 3000 hours, the decrease in total percent elongation seems to begin
to plateau as it did at longer aging durations. For both 1000 hours and 3000 hours the
engineering stress-strain curves for the 650℃ and 750℃ specimens begin to agree, while the
550℃ specimen remains discrete. Overall, it was observed that there is very little change in
the engineering stress-strain curves for the 550℃ specimens at various aging durations.
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(a) 10 hours (b) 100 hours
(c) 300 hours (d) 1000 hours
(e) 3000 hours
Figure 4.7: Comparison of room temperature stress-strain curves with respect to aging
temperatures at different aging times.
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4.3.3 Mechanical Properties
From the stress-strain curves, many mechanical properties can be derived. Each of the
properties will be explored to determine what trends, if any, exist as aging time increases or
as aging temperature increases. For the mechanical properties at each of the aging conditions,
the average value of the three specimens was taken and error is represented as the spread
from the minimum to the maximum values since too few samples were measured to justify
use of statistical methods.
A. Ultimate Tensile Strength
Each mechanical property will be explored one by one with both aging duration and aging
temperature as the independent variables. Ultimate tensile strength (UTS) is the most stress
that a sample is able to withstand during a tensile test. It is the maximum stress value from
the stress-strain curve. The UTS results with respect to aging duration for each temperature
are shown in Figure 4.8.
As can be seen in Figure 4.8, UTS does not appear to have a particular trend. At 750℃
the UTS is very constant except for the 1000 hour time, 650℃ fluctuates up and down, and
550℃ is constant except for the 100 hour time. Even then, all of these variabilities stay
within 5% of each other, and therefore it can be concluded that there is little to no change
in the UTS over time.
Figure 4.9 shows the UTS over temperature for the various aging times. Overall, the
trend does appear to indicate decreasing UTS with increasing aging time. Going directly
from 550℃ to 750℃ the UTS decreases in every case, however, the middle value, 650℃ does
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(a) 550℃ (b) 650℃
(c) 750℃
Figure 4.8: Comparison of ultimate tensile strength (UTS) with respect to aging times at
different aging temperatures.
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not follow suit in about half the cases. Again, almost all of the fluctuations fall within the
5% error margin, with the exception of the 1000 hour aging time. This again lends itself to
the conclusion that there is little to no change in the UTS over aging temperatures.
B. Total Percent Elongation
Total percent elongation indicates the change in gauge length of the tensile specimen over
the initial total gauge length. A decrease in total percent elongation indicates a more brittle
sample. With respect to time, the 750℃ and 650℃ specimens show significant decreases in
elongation and therefore ductility. The 650℃ specimens show a nearly perfect logarithmic
decrease in elongation over time. The 750℃ specimens, on the other hand, see the most
decrease between 10 and 100 hours and then a slower decrease afterward. This is all seen in
Figure 4.10.
The total percent elongation, unsurprisingly, also shows similar trends with respect to
aging temperature, as can be seen in Figure 4.11. In nearly all cases, the total percent
elongation decreases with increasing aging temperature. Upon closer inspection, it can be
seen that at 10 hours, the decrease between 650℃ and 750℃ is statistically insignificant,
but it is a decrease nonetheless. In the following chapter the precipitation behavior will
be discussed to show that this slight decrease can, in fact, be attributed to precipitation
behavior on grain boundaries in the 750℃ specimens at 10 hours.
Similar to what was seen in the stress-strain curve comparisons, there is little difference
between the total percent elongation for 550℃ and 650℃ at 100 hours. This is likely due to
the fact that little has changed in the respective microstructures in this time. Likewise, the
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(a) 10 hours (b) 100 hours
(c) 300 hours (d) 1000 hours
(e) 3000 hours
Figure 4.9: Comparison of ultimate tensile strength (UTS) with respect to aging tempera-
tures at different aging times.
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(a) 550℃ (b) 650℃
(c) 750℃
Figure 4.10: Comparison of total percent elongation with respect to aging times at different
aging temperatures.
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(a) 10 hours (b) 100 hours
(c) 300 hours (d) 1000 hours
(e) 3000 hours
Figure 4.11: Comparison of total percent elongation with respect to aging temperatures at
different aging times.
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plateau or slowing of microstructural changes can be seen at 1000 and 3000 hours between
the 650℃ and 750℃ specimens with little variation in the total percent elongation.
C. Young’s Modulus
Young’s modulus is the ratio of applied stress over the strain in a material. It indicates how
well a material resists deformation under a load. The higher Young’s modulus is, the more
resistant the material is to deformation and the stronger it is said to be. Stainless steels are
reported to have Young’s modulus values up around 200 GPa[18].
While the changes in Young’s modulus found from the tensile tests are “by the numbers”
statistically significant, one has to be creative to see any apparent trend. Looking at the
graphs for 650℃ and 750℃ over time in Figure 4.12, Young’s modulus decreases until the
point where it was seen that changes in total percent elongation were insignificant, namely,
1000 hours for 650℃ and 300 hours for 750℃. After reaching that point, Young’s modulus
increases rather dramatically. Whether this is a pattern remains to be seen with more testing,
but it is not expected that precipitation will affect Young’s modulus.
Likewise, the trends in Young’s modulus for the time graphs plotted over temperature in
Figure 4.13 need more testing for confirmation. At lower times, such as the 100 hour graph,
the 550℃ and 650℃ values for Young’s modulus are in close agreement, much like the total
percent elongation. At longer durations, such as 1000 hours and 3000 hours, the 650℃ and
750℃ temperatures agree more closely to each other than to the 550℃ value. No consistent
trends can be seen, however, that encompass the entire set of data for Young’s modulus.
It could be worthwhile to mention that more testing would also be needed to confirm
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(a) 550℃ (b) 650℃
(c) 750℃
Figure 4.12: Comparison of Young’s modulus with respect to aging times at different aging
temperatures.
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(a) 10 hours (b) 100 hours
(c) 300 hours (d) 1000 hours
(e) 3000 hours
Figure 4.13: Comparison of Young’s modulus with respect to aging temperatures at different
aging times.
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the accuracy of the strain gauge measurements. As was discussed earlier, the strain gauges
certainly improve the measurement of Young’s modulus, but it is unclear if the significant
spread of the data is due to actual trends or measurement error.
D. Toughness
Lastly, toughness was calculated from the stress-strain curves. Toughness is the area under
a stress-strain curve and is a representation of both UTS and total percent elongation, since
both will have a significant influence on the area. It is one metric by which to measure
the combination of ductility and strength, but may be imprecise since it can be strain rate
dependent. For the purposes of this research, all stress-strain curves were made with the
same strain rate, so comparisons can be made.
In the aging plots for each temperature, it appears that overall, toughness decreases with
increasing aging duration. The best representation of this trend is in the graph for the
750℃ aging temperature. The toughness decreases until the last point at 3000 hours. This
sudden increase at 3000 hours can be explained by the relatively low UTS seen at 1000 hours,
followed by a UTS matching the other data points at 3000 hours. Therefore, as with the
elongation trend, the toughness of the 750℃ samples begins to plateau towards the longer
aging durations.
In Figure 4.14 the graph of the toughness of the 650℃ samples also reflects changes in
UTS. It can be recalled that the total percent elongation decreased continuously for these
samples, while the UTS actually increased in the 300 and 1000 hour samples. So, while
the toughness remains relatively high for the majority of the 650℃ samples, the last aging
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(a) 550℃ (b) 650℃
(c) 750℃
Figure 4.14: Comparison of toughness with respect to aging times at different aging temper-
atures.
duration of 3000 hours is very low in comparison. Lastly, as the 550℃ conditions saw little
trend in elongation or UTS, there is little to no trend observed in toughness. Though,
in comparison, the 550℃ samples have comparatively high toughness values for all aging
durations, while the 650℃ and 750℃ samples see a significant decrease in toughness from
the shortest aging duration to the longest aging duration.
Overall, the graphs of toughness versus temperature in Figure 4.15 do indicate a decrease
in toughness as aging temperature increases. The only exception is at 3000 hours where the
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(a) 10 hours (b) 100 hours
(c) 300 hours (d) 1000 hours
(e) 3000 hours
Figure 4.15: Comparison of toughness with respect to aging temperatures at different aging
times.
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toughness for the 650℃ aging temperature is significantly lower than both the 550℃ and
750℃ temperatures. This can be explained by the unusually high toughness see in the 750℃
samples aged for 3000 hours. If the toughness for these samples had remained consistent
with the trend, then the 3000 hour graph of toughness versus aging temperature would have
very similar values for the 650℃ and 750℃ specimens. This would yield a more consistent
result with the relatively little change in UTS for samples and the plateau effect seen in the
total percent elongation.
E. Strain Hardening
As a material plastically deforms, it undergoes a process of strain hardening, or work hard-
ening. During plastic deformation, dislocations form and migrate through the material, en-
tangling with one another and making further deformation more difficult. Using the method
described in Chapter 3, the strain hardening exponent and coefficient were found and plotted
over time for each temperature as seen in Figures 4.16 and 4.17.
The strain hardening exponent is a value between 0 and 1 that indicates the elastic
or plastic behavior of a material. If n is close to 0, the material exhibits nearly perfect
plastic behavior. If n is close to 1, the material exhibits nearly perfect elastic behavior. For
metals including Alloy 709, the value of n is usually between 0.1 and 0.5, or close to 0.35
for austenitic steels in particular [19]. All of the data is consistent with the 0.1 - 0.5 range
but falls below the values for austenitic steels in [19] indicating Alloy 709 has a more plastic
behavior.
In Figure 4.16 the strain hardening exponent values primarily fall between 0.20 and 0.25
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(a) 550℃ (b) 650℃
(c) 750℃
Figure 4.16: Comparison of strain hardening exponent with respect to aging times at different
aging temperatures.
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for all temperatures. Both the 550℃ samples and 750℃ samples have consistent strain
hardening exponent values with respect to aging time. As indicated by the ranges in the
data, no significant trend is observed. In the 650℃ data the 1000 and 3000 hour samples see
what appears to be a significant increase in the value of the strain hardening exponent. This
would indicate that the sample is exhibiting more elastic behavior at longer aging times.
It should be noted that the large spread in some of the 750℃ data can be attributed to
the nonlinear features in the log-log plot of true stress versus true strain for these samples.
Better data is needed to determine if the 750℃ data increases with aging duration like the
650℃ data.
In Figure 4.17 the strain hardening coefficient values are plotted for each of the three
aging temperatures. In the 550℃ samples, no trend is apparent in the data. In both the
650℃ and 750℃ samples, the strain hardening coefficient increases with increasing aging
duration. Again, better data is needed for the 750℃ samples to determine if this is an actual
trend due to the nonlinearity of the log-log true stress-strain plots.
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(a) 550℃ (b) 650℃
(c) 750℃
Figure 4.17: Comparison of strain hardening coefficient with respect to aging times at dif-
ferent aging temperatures.
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Chapter 5
Microstructural Evolution of Alloy
709
Scanning electron microscopes (SEMs) and transmission electron microscopes (TEMs) were
utilized in qualifying the microstructural, precipitate, and oxide evolution in Alloy 709 at
the various aging conditions. It was expected that higher aging temperatures and longer
aging durations would yield more change in precipitate and oxide formation/ growth.
5.1 Precipitation in Alloy 709
As can be seen in Figures 5.1 and 5.2, the SEM images show that observable precipitation
in Alloy 709 begins as early as 100 hours at 650℃ and 10 hours at 750℃. This agrees with
the TTP diagram shown in Powell. Since the 10 hour, 750℃ sample shown was aged at a
higher temperature, it was expected that precipitation would begin sooner than in the 650℃
samples. In samples aged for 100 hours at 650℃ the precipitates can be found on some, but
not all, grain boundaries. White arrows point out grain boundary precipitation where the
image contrast is not ideal. In samples aged 10 hours at 750℃ the precipitates are again
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(a) 5000x (b) 15000x (c) 20000x
Figure 5.1: SEM secondary electron images of the 650℃ sample aged for 100 hours. White
arrows point out the precipitation where the image contrast is not ideal. Some images
provided by [20].
(a) 4000x (b) 8004x (c) 10000x
Figure 5.2: SEM secondary electron images of the 750℃ sample aged for 10 hours. White
arrows point out the precipitation where the image contrast is not ideal. Some images
provided by [20].
on grain boundaries, but are more developed than the aforementioned 650℃ samples. No
precipitation can be found in the matrix for either sample.
For the 650℃ samples, it is observed that precipitation behavior begins somewhere be-
tween 10 and 100 hours of aging. No grain boundary precipitation was observed at 10 hours
and 650℃ as shown in Figure 5.3, but as discussed above, grain boundary precipitation can
be found in the sample aged 100 hours.
As aging duration increases in the 750℃ specimens in 5.4, there is notable precipitation
growth along grain boundaries. As discussed above, precipitation begins in the sample with
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Figure 5.3: SEM image of the 650℃ sample aged for 10 hours where no precipitation could
be observed [20].
the shortest aging duration of 10 hours. This indicates that precipitation behavior begins
at some point prior to 10 hours of aging. These grain boundary precipitation results are
consistent with the TTP diagram in Powell, as is the lack of matrix precipitation in this
sample. The TTP diagram in Powell shows matrix precipitation not being observed until
about 1000 hours, but the sample aged for 300 hours does actually contain what appear
to be matrix precipitates, appearing as black dots. These observed precipitates on grain
boundaries and in the matrix can be connected to the behavior seen in the stress-strain
curves.
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(a) 10 hours- 4000x (b) 100 hours- 2200x (c) 300 hours- 2000x
(d) 1000 hours- 1900x (e) 3000 hours- 2200x
Figure 5.4: SEM images of the 750℃ samples aged for 10, 100, 300, 1000, and 3000 hours.
White arrows point out the precipitation where the image contrast is not ideal. Some images
provided by [20].
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5.2 Relation of Precipitation Behavior to Mechanical
Properties
One should note here that while only the 750℃ samples were imaged with SEM for every
aging condition, it is expected that similar precipitate behavior will occur at the other tem-
peratures, just at a slower rate. It was already seen that while grain boundary precipitation
was first observed in the 10 hour, 750℃ sample, this was not observed until 100 hours in
the 650℃ samples. The stress-strain curves are one source of information available that may
indicate when certain precipitation behaviors occur at the other temperatures.
To recall, the 550℃ stress-strain curves showed very little, if any deviation from each other
at the different aging durations. For the 650℃ samples, the 10 and 100 hour conditions were
very close to one another while the rest of the aging conditions progressively decreased in
ductility. The 750℃ samples deviated from one another up until the 300 hour condition,
after which the stress-strain curves showed little deviation from one another (see Figure 5.5).
From the combination of the 650℃ and 750℃ SEM images, it is observed that the grain
boundary precipitation has a greater effect on the mechanical properties than the matrix
(a) 550℃ (b) 650℃ (c) 750℃
Figure 5.5: Reproduced stress-strain curves for all aging conditions.
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precipitation. In Figures 5.3 and 5.1 it is confirmed that grain boundary precipitation begins
some time between 10 and 100 hours at 650℃. However, the stress-strain curves deviate very
little from each other at these two conditions. After 100 hours though, the 650℃ curves begin
significantly deviating from each other.
In Figure 5.4, it was shown that at 750℃ grain boundary precipitation starts before 10
hours while matrix precipitation begins around 300 hours of aging. Up until 300 hours of
aging, where only grain boundary precipitation is active, the stress-strain curves for 750℃ do
deviate from one another. Therefore, grain boundary precipitation affects the stress-strain
curves. After 300 hours of aging when matrix precipitation is active, there is very little if
any change in the stress-strain curves for the 750℃ samples. Therefore, matrix precipitation
prevents further change to the stress-strain curves up to 3000 hours.
Assuming that the lower aging temperatures behave similarly, we expect very little, if any
precipitation in the 550℃ samples. Any precipitation that may have occurred would only be
on grain boundaries, and would not occur in the 10 or 100 hour samples, since grain boundary
precipitation was only first seen in the 100 hour sample at 650℃. In the 650℃ samples it has
already been confirmed that grain boundary precipitation begins between 10 and 100 hours.
Since the stress-strain curves continue to deviate from one another through 3000 hours of
aging, it is expected that grain boundary precipitates are the main precipitation form in
these samples. If any significant matrix precipitation were to begin, it would be expected to
be found in the 3000 hour sample. Finally, the 750℃ samples have been thoroughly observed
with SEM at all conditions. It can be postulated that the ductility remains constant at the
current value past 3000 hours, but more data will be necessary at 10000 hours of aging and
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longer to see just how long this behavior maintains itself or if more/varied precipitates cause
the ductility to change again.
5.3 Oxide Evolution on Alloy 709
Data from a transmission electron microscope was obtained to characterize the oxide layer
formation on the surface of Alloy 709. This is of interest for corrosion properties. It was
found that above the bulk material, close to the bulk surface are small oxide grains with sizes
of approximately 0.1 µm or less. Above this oxide layer of small grains resides another oxide
layer with much larger grains close to 1 µm in size. These two regions should be evident in
the composed image in Figure 5.6.
Energy dispersive spectroscopy (EDS) methods were used to determine the approximate
compositions of the two oxide layers in Figure 5.6. It was found that the upper oxide layer
with large grains is an iron oxide, while the lower layer with small grains is a chromium
oxide.
As can be seen in the EDS results in Figure 5.7, the presence of oxygen indicates that the
field of view is indeed an oxide as predicted. Then, the division of the iron and chromium
regions can be seen in the bottom two images. The iron oxide layer appears towards the top
of the material, while the chromium oxide layer appears further from the free surface, closer
to the bulk material. This oxide behavior is corroborated by the work done in [12].
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Figure 5.6: SEM image of the well-developed dual oxide layer on the 750℃ sample aged for
3000 hours. Large oxide grains close to 1 µm in size are observed at the free surface, while
smaller oxide grains less than 0.1 µm in size form a layer between the large oxide grains and
the bulk material [20].
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Figure 5.7: EDS results for the boundary between the two oxide layers. The top surface is
towards the lower right corner of each image. See figure 5.6 for comparison of the hole shape
[20].
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Figure 5.8: Image of the region mapped with EDS in Figure 5.7. The region is denoted by
the square outline labeled with the number 5 [20].
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Chapter 6
Discussion
As is stated in [4], the goals for the Alloy 709 performance at room temperature are a
minimum ultimate tensile strength (UTS) of 640 MPa, a minimum yield strength of 270
MPa, and a minimum 30% elongation. Oak Ridge National Laboratory intends to add these
specifications to ASTM A240 “in the coming fiscal years” [4]. The reported initial results for
this heat of Alloy 709 are a UTS of 779 MPa, yield strength of 358 MPa, and an elongation
of 62% averaged from three tests [13]. The test results found in this research were a UTS
ranging from 725-670 MPa and an elongation ranging from 31-41% from the crosshead strain
data. All ranges fall above the specified minimum values. However, the results found here
do fall below the reported result values. This suggests either that the methods used here
underestimate measured parameters, the methods used to find the results in [13] overestimate
the measured parameters, or that the aging process does indeed negatively impact mechanical
properties of Alloy 709 at room temperature. The conclusion made is that while it has been
confirmed that at least the ductility of Alloy 709 is negatively affected with aging, the
methods used have caused conflicting results.
Argonne National Laboratory also tested another batch of Alloy 709 to obtain a UTS of
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732.7 MPa and a total elongation of 45.6% [4]. These results are much more in line with
the results found in this research with a maximum UTS of 725 MPa and a maximum total
elongation of 41% from the crosshead strain data. The UTS agrees very well with a less
than 5% deviation, while the total elongation is close, but not in perfect agreement, with a
deviation of about 10%. This significant deviation can likely be attributed to the limit on the
accuracy of crosshead strain measurements. If the strain gauges were capable of measuring
up to or beyond a 40% strain, the data is expected to have a better agreement. Additional
variation can also be attributed to the fact that the two heats of Alloy 709 may have slightly
differing compositions and production methods and therefore mechanical properties.
6.1 Tensile Specimen Thickness
It can be seen from Figure 5.3 that the average grain size of this particular heat of Alloy 709
is less than 50 µm (d = 50 µm). Usually it is desirable with these small-scale tensile tests
to have the tensile specimen be more than 10 grains thick. Using the 0.75 mm thickness (t
= 750 µm) gives a t/d ratio of about 15. This shows that the tensile specimens used in this
research were of adequate size for testing Alloy 709.
6.2 Data Methods
To improve the results in this research, some changes in the testing process are desirable.
Given that there was a limited amount of Alloy 709 available for testing, there was a limit
to the size of the tensile specimens that could be made. With more material, it would be
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beneficial to test larger tensile specimens. Larger specimens would more closely match the
1.25 in. (31.8 mm) gauge length of the specimens tested by Argonne National Lab [4]. Even
a marginal increase in size would be an improvement. With larger tensile specimens, an
extensometer could be used in place of strain gauges. An extensometer would be able to
accurately measure the entire field of strain instead of just the first few percentages.
Additionally, with more material (and time) it would be desirable to test more tensile
specimens at each condition. Three specimens does not give the statistical confidence that
one would want to create a standard for a material. Upward of ten specimens would be
wanted to generate good statistical significance in the data. Overall, larger specimens and
more tests at each condition would give more certainty to the results presented here.
Going forward, these suggestions can be used on other batches of Alloy 709 to generate
good agreement with the results from Argonne National Laboratory and others. In addition,
longer aging durations and higher temperatures can be added to the aging conditions to study
further precipitate behavior development.
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Chapter 7
Conclusion
Nuclear power plants have been proven to be a safe and effective way of meeting the electricity
demands of the world both now, and more importantly, for the future. World electricity
demand will only grow, and generation IV reactors will have to be available to meet this
need. Studying and characterizing materials to meet the demands of generation IV reactors
is one way to maintain progress going forward.
7.1 Mechanical Properties of Alloy 709
It was found that strain gauges improved the accuracy of the measurement of Young’s mod-
ulus as compared to the measurement of Young’s modulus using strain calculated from the
crosshead displacement. Variability in the motion of the crosshead and the connection of the
crosshead to the specimens introduced scattering in the data. With the addition of strain
gauges, the elastic region of the stress-strain curves was much more linear and produced
greater values for Young’s modulus.
Two thicknesses, 0.50 mm and 0.75 mm, were tested to see which yielded better agreement
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in tensile test results. It was determined that thicker tensile specimens had much better
agreement with one another, so the 0.75 mm thickness was chosen for the tensile specimens
for the remainder of testing.
7.1.1 Stress-Strain Curves
Stress-strain curves were taken for three specimens at each of the 14 aging conditions. At
550℃ little change was observed in the stress-strain curves. At 650℃ the curves for the 10
and 100 hour aging durations were in very close agreement, but after 100 hours the ductility
of the specimens decreased with every increase in aging duration. At 750℃ the stress-strain
curves started to differ right at 10 hours, however after 300 hours the stress-strain curves hit
a plateau and ductility remained approximately constant.
The temperature evolution of the stress-strain curves saw a similar pattern of delayed
change and plateaus. At 10 hours, there was very little change between the 650℃ and 750℃
stress-strain curves. At 100 hours the lower temperatures of 550℃ and 650℃ saw little
deviation from each other, while the 750℃ curve had already decreased in ductility. At 300
hours all three temperatures decreased in ductility from the most ductile at 550℃ to the least
ductile at 750℃. At 1000 hours and 3000 hours the plateau effect was seen with the 650℃
and 750℃ specimens. In both cases, both of the higher temperature specimens were less
ductile than the 550℃ specimens, but the stress-strain curves of these higher temperature
specimens were in agreement with one another. It is at these plateau points that the change
in ductility appeared to have halted, at least momentarily.
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7.1.2 Mechanical Properties
Five mechanical properties were measured from the stress-strain curve data at each condition:
UTS, total percent elongation, Young’s modulus, toughness, and strain hardening. For the
UTS measurements, both with respect to time and with respect to aging temperature, no
significant change was observed in the data. More tests would need to be conducted to give
any statistical certainty to any reported trends. The change in total percent elongation, while
statistically insignificant for the 550℃ specimens, decreased with increasing aging duration
for the 650℃ and 750℃ specimens. This was also observable in the stress-strain curves
reported above. Likewise, the total percent elongation decreased at each aging duration with
increasing aging temperature. While the Young’s modulus data had statistically significant
changes, it was difficult to determine any particular trends. This may be due to errors in
strain measurement from the strain gauges. It is concluded that more testing to obtain
better statistics is needed before affirming any of these results. The toughness data collected
had significant changes that reflected both the total percent elongation and the UTS data.
Overall, toughness of the specimens decreased with increasing aging duration and increasing
aging temperature. Some fluctuations in the trends can be attributed to the fluctuations
in the UTS. It is concluded that the total percent elongation more heavily influenced the
toughness than the UTS. Lastly, the strain hardening exponent and coefficient values saw
an increase with increasing aging duration for the 650℃ samples and potentially the 750℃
samples. Better data is needed to properly draw conclusions for the 750℃ conditions.
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7.2 Precipitate Behavior in Alloy 709
SEM, TEM, and EDS techniques were used to examine the precipitation behavior in Alloy
709 and study the oxide formation on the surface resulting from aging in air.
7.2.1 Precipitation Behavior
Using SEM, of the specimens examined, grain boundary precipitation was found to first be
observable in the 750℃ sample aged for 10 hours and in the 650℃ sample aged for 100
hours. It was confirmed that no precipitation was visible in the 650℃, 10 hour sample. By
extrapolation, it is expected that precipitation will first be observable in the 300 hour, or
more likely the 3000 hour, sample aged at 550℃.
All aging conditions were observed from the 750℃ samples. In addition to the immediate
presence of grain boundary precipitation, matrix precipitates were first observed in the 300
hour sample. The matrix precipitates persisted and became more numerous in the samples
aged longer than 300 hours. Likewise, the grain boundary precipitates grew and eventually
populated all of the grain boundaries as aging duration increased.
When comparisons are made to the stress-strain curve behaviors, it was determined that
the grain boundary precipitates more strongly influenced the decrease in ductility than the
matrix precipitates. Only grain boundary precipitates were found in the 650℃ sample aged
for 100 hours, yet this is the point where the ductility began its decrease. Likewise, in the
750℃ samples, only grain boundary precipitates were found in the samples aged for 10 and
100 hours and the corresponding ductility values differed. After 300 hours, when the matrix
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precipitates were found, the ductility of the 750℃ samples stabilized. Using this knowledge,
it is predicted that matrix precipitates will not be found until the sample aged for 3000 hours
at 650℃ at the earliest.
7.2.2 Oxide Behavior
Using TEM and EDS techniques, a dual oxide layer was found on the surface of the sample
aged for 3000 hours at 750℃. The dual layer is characterized by large oxide grains at the
free surface about 1 µm in size and smaller oxide grains at the surface of the bulk material
about 0.1 µm or less in size. It was determined through EDS that the outer layer with the
larger grains is an iron oxide, while the inner layer with the smaller grains is a chromium
oxide. More research will need to be done to determine if this oxide formation is hazardous
to the mechanical or corrosive properties.
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Appendix A
Strain Gauge Bonding Procedure
with CC-33A cement and Kyowa strain gauges
Materials:
CC-33A cement
Kyowa strain gauges
protective gloves
sandpaper
kimwipes
acetone or isopropyl alcohol
calipers
writing utensil
drafting/ masking tape
polyethylene film
tweezers (for small specimens)
Steps:
**Always perform in a well-ventilated room
1. Polish and clean gauge length
(a) use sandpaper (600 or 800 grit) in circular motion
(b) clean with acetone or isopropyl alcohol- wipe in one direction
2. Measure and record specimen thickness and width
3. Mark center of gauge length (and center of width if test specimen is larger than strain
gauge)
(a) for small 5 mm gauge length specimens the strain gauge must be applied above
the center point so the wires do not interfere during testing
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4. Preparing cement
(a) remove white cap
(b) flick tip of cement tube to remove air bubbles
(c) puncture to open with provided cap or a pin
(d) replace white cap until ready to use
i. optional- attach precision tip
5. For small strain gauges:
(a) tape specimen to a flat piece of plastic
6. Observe the “rear surface” of the strain gauge- the side that is not shiny
(a) apply ample cement to the rear surface
(b) carefully place the adhesive-side on the test specimen and cover with the polyethy-
lene film
(c) press firmly for at least one minute (90 seconds is better)
(d) the adhesive should spread out from underneath the strain gauge if a sufficient
amount was used
(e) remove film, clean the tip of the cement bottle with acetone or isopropyl alcohol,
and recap cement with pin for storage
7. Let the cement set for at least one hour, but 24 hours is more ideal
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Appendix B
Strain Conditioner Calibration
1. Turn on main power to power supply (excit. switches should all be off)
2. Turn CHANNEL selector to DC- the meter should read at the DC line
3. Turn CHANNEL selector to channel 3 (where strain gauge input is attached)
4. Adjust BRIDGE EXCIT with screwdriver to achieve desired BRIDGE VOLTS
(a) 2-4 V is the advised voltage range for the Kyowa strain gauges used
i. Higher than 4 V causes heating of the strain gauge and tensile specimen
5. Verify the resistance of the strain gauge (120 Ω) and connect strain gauge inputs
(white-A & red-B)
6. Adjust AMP BAL with screwdriver to zero the output and so both lights go off
(a) If both lamps remain lit at the same time there is excessive noise in the circuit-
see manual section 4.11
(b) It is okay if one light is lit when the output is zero
7. Turn EXCIT on for Channel 3
8. Use BALANCE knob to zero output
(a) If one light remains lit follow the output display instead
9. Keep gain set at 50 1¯00 actual gain
10. Can turn EXCIT off to adjust AMP BAL again
11. Keep EXCIT on for testing
12. Observe and record CAL A/ CAL B to get calibration factor
13. Repeat balance/ calibration right before performing the tensile test
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